A characteristic of atherosclerosis is the accumulation of large amounts of lipids, mainly cholesteryl ester, in the arterial wall. Histochemical and ultrastructural observations have shown that these lipids accumulate in both the cytoplasm of foam cells and the extracellular space.
It was suggested that the foam cells originate from macrophages (1) and/or modified smooth muscle cells (2) . It was also suggested that the extracellular lipids originate from circulating lipoproteins penetrating endothelial cells and/or denatured lipoproteins derived from ruptured foam cells (3) . The lipids deposited in the extracellular space may be endocytozed by macrophages and/or modified smooth muscle cells, resulting in the formation of foam cells. This article reviews aspects of the molecular pathology of cholesteryl ester accumulation in atherosclerotic lesions.
1. Transcellular transport of lipoproteins. 2. The effect of platelets and PGI2 on the transport through a denuded endothelial monolayer. 3. Accumulation of cholesteryl ester in foam cells. 4 . Cholesteryl ester deposits in the extracellular space. 5. Monoclonal antibodies recognizing atherosclerotic lesions.
Transcellular Transport of Lipoprotein
The vascular endothelium is believed to act as a selective barrier to the passage of macromolecules between the blood plasma in the vascular lumen and the interstitial fluid in the perivascular spaces.
Studies of the transport of low density lipoproteins (LDL) are important for determining the mechanism of cholesteryl ester accumulation in the arterial wall. Extensive studies of the internalization of LDL We also showed that addition of fibrinogen and fibronectin to the collagen gel led to a synergistic increase in platelet binding to a partially denuded endothelial monolayer (10). Under these conditions, marked aggregation of platelets was observed at the denuded area by scanning electron microscopy.
In addition, transport was also studied in the presence of mediators released from activated platelets (11). Supernatant of platelets activated by denuding the endothelial monolayer did not affect transport.
Supernatants of platelets activated with ADP or thrombin had no effect on transport.
In our current model, mediator(s) secreted from platelets did not enhance endothelial permeability and platelet binding to a denuded endothelial monolayer resulted in a decrease in transport.
This finding may be explained by adherent and aggregated platelets inhibiting transport by covering the denuded area. Prostacyclin inhibited platelet binding more than 80%, but had little effect on transport through the endothelial layer when platelets were present. We showed that although prostacyclin strongly inhibits platelet aggregation, a small number of platelets consisting of a monolayer did adhere to the denuded area. We suggest that formation of a platelet monolayer at the denuded site is sufficient to suppress transport of FD (Fig.  1) . It is known that PGI2 production by blood vessels is increased in endothelial injury (12) and adherent platelets can often be seen in sections of injured vessel wall. These results suggest that, in vivo, the barrier function may be maintained by adherent platelets after PGI2 secretion.
Accumulation of Cholesteryl Ester in Foam Cells
In early lesions, lipids accumulate mainly in the cytoplasm of cells such as macrophages.
Thin section electron microscopy has shown that intracellular lipids are stored in two forms in the cytoplasm of foam cells : in membrane-bound vacuoles, which probably correspond to lysosomes, and in vacuoles without a peripheral membrane. These lipid droplets, both with and without membranes, were also observed in quick-freeze replicas of foam cells which may be derived from macrophages and/ or smooth muscle cells (13). The membrane-free droplets were more numerous than membrane-bound droplets, and appeared to consist of onion-like concentric lamellae. Onion-like lamellae were observed in anisotropic cholesteryl ester droplets prepared in vitro. These studies suggest that the onion-like droplets consist mainly of cholesteryl ester and correspond to the cholesteryl esterrich lipid inclusions.
The other type of lipid droplets in foam cells are membrane-bound as found in lysosomes. These lipid-laden organelles may correspond to lowdensity lysosomes, that may be prepared by flotation sucrose density gradient centrifugation.
The lipid droplets in lysosomes vary in size. Cholesteryl esters may accumulate as cytoplasmic lipid droplets after microsomal reesterification of free cholesterol liberated from lysosomal particles. However, in highly lipid-laden cells, elements of the endoplasmic reticulum involved in reesterification of cholesterol are rarely found. An alternative explanation for the accumulation of membrane-free droplets in these highly lipid-laden foam cells is that lipid inclusion bodies accumulate, not via microsomes, but are transferred to the cytoplasm from phago-lysosomes with partial hydrolysis of cholesteryl esters, via a "vesicular pathway" (Fig. 2) (14) .
Cholesteryl Ester Deposits in Extracellular Space
In advanced lesions, lipids are found in the extracellular matrix. However, due to limitations of the thin section method, the fine structure of the extracellular lipids has not been shown. The neutral lipids were extracted during the dehydration procedure.
Using a quick-freeze and etching technique, we clearly demonstrated the ultrastructural characteristics of the extracellular lipids. They appeared in the form of irregular vesicles and some had a membrane on their surface.
On thin sections, the vesicles and electron-lucent structures among collagen fibers corresponded to these extracellular lipids (14). Some extracellular vesicles had aggregated and the clustered vesicles were similar in size to the cells, which were destined to collapse in the atherosclerotic aorta. Some extracellular vesicles containing lipids could be derived from these disrupted foam cells. At the same time, lipoprotein or denatured lipoprotein transported through the endothelial barrier could be deposited in the extracellular space.
Monoclonal Antibodies Recognizing Extracellular Regions with Lipid-Deposits in the Atherosclerotic Aorta
To study the mechanisms of cholesteryl ester accumulation in the extracellular space of the atherosclerotic aorta, we prepared novel monoclonal antibodies against atherosclerotic lesions using a delipidated crude homogenate of an atherosclerotic aorta from a Watanabeheritable hyperlipidemic (WHHL) rabbit as a complex mixture of immunogens (15). By screening the antibodies histochemically, we were able to obtain for the first time monoclonal antibodies which specifically recognized the extracellular matrix with lipid-laden-deposits (EMR1a/ 212D) in atherosclerotic lesions.
The purified antigenic material is a glycoprotein with a monolayer weight of 66 kD. The epitope of the antigenic material contains sialic acid as a major element (16).
We isolated cDNA library clones coding for the 66 kD glycoprotein (GP66) from a rabbit liver. The clone spans the sequence coding for the entire GP66 (456 amino acids) and 19 amino acids of signal peptide. GP66 deduced rabbit vitronectin (17) from nucleotide sequence contained an Arg-Gly-Asp cell attachment sequence and had an amino acid sequence 76% homologous with human vitronectin. Furthermore, EMR1a/212D recognized rabbit vitronectin purified by heparin-affinity chromatography.
RNA blot hybridization detected one transcript of the same size in normal and WHHL rabbit liver. The levels of plasma GP66 and liver GP66 mRNA were not altered, whereas 9-fold greater accumulation of GP66 was observed in the thoracic aorta of WHHL rabbit. These results suggest that GP66 is rabbit vitronectin which selectively accumulates in the thoracic aorta during the development of atherosclerosis (Fig. 3) .
Conclusions
Our working hypothesis of the development of atherosclerosis is illustrated in Fig. 4 (18) . Lipoproteins in the blood are transported through the arterial endothelium via transendothelial transport, are then endocytozed by either macrophages and/or smooth muscle cells to be degraded in the lysosomes.
The free cholesterol liberated from the lysosomes after hydrolysis of cholesteryl ester is reesterified by microsomal ACAT enzyme (Path I), and accumulates in the cytoplasm as anisotropic lipid droplets. 
